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REVIEWChallenges of Diffusion Bonding of Different Classes of
Stainless SteelsThomas Gietzelt,* Volker Toth, and Andreas HuellSolid state diffusion bonding is used to produce monolithic parts exhibiting
mechanical properties comparable to those of the bulk material. This requires
diffusion of atoms across mating surfaces at high temperatures, accompanied
by grain growth. In case of steel, polymorphy helps to limit the grain size,
since the microstructure is transformed twice. The diffusion coefficient differs
extremely for ferritic and austenitic phases. Alloying elements may shift or
suppress phase transformation until the melting range. In this paper,
diffusion bonding experiments are reported for austenitic, ferritic, and
martensitic stainless steels possessing varying alloying elements and
contents. Passivation layers of different compositions are formed, thus
affecting the local diffusion coefficient and impeding diffusion across faying
surfaces. As a consequence, different bonding temperatures are needed to
obtain good bonding results, making it difficult to control the deformation of
parts, since strong nonlinearities exist between temperature, bonding time,
and bearing pressure. For martensitic stainless steel, it is shown that it is
very easy to obtain good bonding results at low deformation, whereas ferritic
and austenitic stainless steels require much more extreme bonding
parameters.1. Introduction
Diffusion bonding is a special joining technique requiring
expensive equipment. Usually, it is accomplished in batches.
Despite these disadvantages, it is widely spread in aerospace
industries for production of thin sheet structures or special
applications where other joining techniques fail.[1–3] Advantages
and disadvantages are summarized, for example, in ref.[4]
Diffusion bonding is the only welding technique that can be
used to produce holohedral joints also of internal structures. In
contrast to common welding techniques, no heat-affected zone
(HAZ) is formed. However, the whole parts are subjected to a
heat treatment.[5] Furthermore, bonding is achieved in the solid
state, contrary to other welding techniques. Normally, diffusion
bonding is carried out in high vacuum or under inert gas
atmosphere at temperatures of about 80% of the solidusDr. T. Gietzelt, Dr. V. Toth, Dr. A. Huell
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cient is high enough to achieve joining
within a technically reasonable period of
time. To obtain good diffusion bonding
results, appropriate roughness of surfaces
is required. External pressure is applied for
leveling surface roughness and tobring
surfaces into atomic contact so that diffu-
sion can take place. The contact area is
extended by diffusion along grain bound-
aries, since the atomic density there is
lower than in the metallic lattice. Finally,
when a certain contact area value is
reached, volume diffusion becomes pre-
dominant, thus ﬁlling the remaining pores.
The long time needed for diffusion also
is the reason why undesired secondary
effects are encountered in complex alloys,
such as sensitization of nickel-base alloys.
Due to the higher diffusion coefﬁcient,
impurities, for example, carbon, form
precipitations with, for example, chro-
mium and molybdenum at grain bound-
aries, thus decreasing corrosion resistance
and causing intergranular corrosion.
Sometimes, additional interlayers of
different materials are used. They often have a lower melting
temperature or form a temporary liquid phase of eutectic
composition. As a result, the diffusion coefﬁcient is considerably
increased locally and formation of the bond is supported.[6–8]
Interlayers can be fabricated by employing, for example, thin
foils, electrodeposition, or physical vapor deposition. Often, this
temporary liquid phase disappears with time, since local
composition is changed by diffusion. However, this may damage
the microstructure by predominant diffusion along grain
boundaries and adversely affects corrosion properties.
In some article, diffusion bonding experiments are reported,
where an interlayer remains after the bonding process. Hence,
joining is accomplished mainly by leveling surface roughnesses
and a two-phase material is formed. Although the leak rate may
be very good, the parts suffer from insufﬁcient mechanical and
corrosion properties far below those of the bulk material. Strictly
speaking, it is a kind of soldering, but no diffusion bonding,
since diffusion involving the bulk material is inadequate.[9]
Hence, the question arises which criteria have to be met for
diffusion bonding to be successful. First, the mechanical
properties of bonded samples should reach those of the bulk
material. For this, secondly, the part should exhibit a single-
phase microstructure only. The third requirement to achieve this
is grain growth across the bonding planes. To fulﬁll these017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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www.advancedsciencenews.com www.aem-journal.comconditions, high temperatures are necessary, with the diffusion
coefﬁcient being high enough to complete the process within a
technically reasonable period of time.
It is obvious that diffusion of atoms inside a volume of
material at high temperatures also involves diffusion along grain
boundaries. Hence, diffusion bonding always is associated with
grain growth, as long as the material shows no polymorphy.
Especially for different sorts of steel, the coefﬁcient of diffusion
may vary by several orders of magnitude depending on whether
the lattice is of fcc (face-centered cubic; austentic) or bcc (bodyAdv. Eng. Mater. 2017, 1700367 1700367 (2centered cubic; ferritic) type. In case of a polymorphic material,
the material’s microstructure is changed twice, during heating
up and cooling down, thus annihilating grain growth during
diffusion bonding. In the fcc lattice of steels, a much higher
solubility but lower diffusion coefﬁcient, for example, for carbon,
is encountered. Some alloying elements, however, may stabilize
the austenitic or ferritic phase until the melting range. This
especially applies to stainless steels, whose corrosion resistance
is based on a stable passivation layer. For passivation layers, the
coefﬁcient of diffusion is much lower. Contrary to titanium, the
passivation layers of stainless steels are insoluble in the matrix
materials at high temperatures, which impedes diffusion of
atoms locally across bonding planes.[10] Furthermore, thermal
stability of the passivation layer depends on the type and the
amount of alloying elements. Depending on the required
corrosion resistance and application, it varies for different sorts
of stainless steel. Consequently, different temperatures and
dwell times are required for different alloys to achieve grain
growth across faying surfaces.
The bonding temperature for diffusion kinetics interacts very
sensitively with the bearing pressure for leveling surface
roughness and for bringing surfaces into atomic contact, which
determines deformation during diffusion bonding. If the
temperature must be increased to overcome inhibition of
diffusion across passivation layers, it is very difﬁcult to control
deformation due to its strong nonlinearity.
Ideally, the original layers cannot be detected anymore after
successful diffusion bonding. Parts are found to assume the
mechanical properties of bulk material subjected to the same
heat treatment.
Since the process is mostly performed under vacuum, the
maximum cooling rate after diffusion bonding depends on the
mass and size of parts as well as on the size of the bonding
furnace. These factors may especially decrease the corrosion
behavior of materials, since precipitations can be formed and
intergranular attack may occur without any subsequent
appropriate heat treatment.
In case of sufﬁcient carbon content, the cooling rate affects the
material’s microstructure together with the alloying elements.
Time–temperature–transformation diagrams (TTT diagrams)
apply to these sorts of steel.[11]
These issues are addressed by this paper. Appropriate values
for bonding temperature and dwell time are determined for
different sorts of stainless steel.2. Materials and Design
2.1. Material Science Background of Steel - Solubility of
Carbon
Steel is the most commonly used class of metallic alloys. The
quantity consumed has exceeded 1.6 billion tons per year since
2013.[12] Several thousand different alloys can be found in the
Stahlschlüssel, along with a wide range of properties for different
requirements and applications.[13] A large number of alloying
elements are employed to considerably change the properties
of iron, the most important of them being carbon, which is also
due to its low cost. The iron-carbon phase diagram (Figure 1) is© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
Figure 1. Fe–C diagram. Dashed lines illustrate the stable Fe–C state, continuous lines the metastable (technical) Fe–Fe3C state.
[14]
www.advancedsciencenews.com www.aem-journal.comwell-known. However, it can be applied for technical equilibrium
conditions only. In practice, non-equilibrium states are
encountered frequently, for example, after heat treatments,
and TTT diagrams vary for each steel alloy.
According to Figure 1, the area of steel is limited to 2.06wt%
of carbon, corresponding to the maximum solubility of the face-
centered cubic (fcc) austenite at 1420K (1147 C). The body-
centered cubic (bcc) ferrite, however, has a maximum carbon
solubility of 0.02wt.% at 996K (723 C) only. Increasing carbon
contents reduce both the liquidus and solidus temperatures. At
4.3wt% carbon and 1420K (1147 C), a eutectic is formed, whose
melting point is 393K lower than that of pure iron. Finally, at
6.67wt% carbon, 100% of the intermetallic phase Fe3C is
formed. Higher carbon contents are technically irrelevant.
Furthermore, it can be seen that carbon also reduces the
transition temperature from fcc austenite to bcc ferrite from
1184K (911 C) for pure iron to a minimum of 996K (723 C) at
0.8wt% of carbon. At this carbon content, the eutectoid grain
disintegrates to a 100% perlitic microstructure, consisting of
intragranular lamellas of Fe3C and ferrite.2.2. Impact of Additional Alloying Elements
Some alloying elements, such as silicon and manganese which
have similar atom sizes and the same types of lattice, can formAdv. Eng. Mater. 2017, 1700367 1700367 (3solid solutions with iron. Other alloying elements like
chromium, vanadium, tungsten, molybdenum, niobium, and
titanium have a higher afﬁnity to carbon than iron, forming
other carbides and mixed carbide hard phases. Hence, some
steels with more than 2.06wt% carbon can be found, for
example, in the class of cold work tool steels like X210Cr12
(1.2080).
It is not easy to predict percentages of phases from the Fe–C
diagram, since carbon partly captures these alloying elements
and forms own carbides. Efforts have been made to calculate the
developing phases by means of thermodynamic approaches.
Several programs are available tomodel the amount of appearing
phases.[15,16]
Alloying elements also increase the hardening depth for thick-
walled parts by reducing the critical rate of cooling to form
martensite.[17]
Alloying elements may have an impact on phase transforma-
tion, as they can stabilize ferrite or austenite, see section 2.2.2.2.2.1. Mild Steel and Low-Alloyed Steel
Often, the parameters of relevance to practical use are
mechanical properties, such as yield or tensile strength and
strain to rupture. Different mechanical properties may result at
the same chemical composition, for example, due to cold work© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
Figure 2. Constant yield strength of construction steels exploiting the Hall–Petch relation to decrease
grain sizes and the carbon content for improved weldability. Left: Conventional construction steel.
Right: Microalloyed fine-grained construction steel.
Figure 3. Diffusion coefficient depending on the type of lattice and atom
size.[22,23]
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and recrystallization taking place at once, or other heat
treatments. However, the degree of cold work hardening also
affects the remaining strain to rupture. As a consequence, mild
steels of high strength have reduced strains to rupture.
Due to the polymorphy, the grain size can be adjusted without
cold deformation and subsequent recrystallization by a simple
oscillating heat treatment around the ferrite-austenite transition
temperature. A new microstructure is formed whenever phase
transition takes place. In this way, the Hall–Petch relationship of
small-grained materials can be exploited by ultraﬁne-grained
mild steels (Figure 2).[18–20]
Usually, construction steels are far below the eutectoid
composition of 0.8wt% of carbon for a 100% perlitic microstruc-
ture, since carbon reduces weldability. In fact, the carbon content
is below 0.2wt% to guarantee good weldability.[21] Currently,
appliedultraﬁne-grainedconstruction steels aremicroalloyedand
form precipitations of special carbides and nitrides that are ﬁnely
distributed across the grain matrix (using Ti, Nb, V, right in
Figure 2) and impede grain growth. Iron atoms in the lattice are
replaced by manganese and silicon, which inﬂuences the
mechanical properties by solid solution hardening.
Also other low-alloyed steels are well suited for diffusion
bonding, since they exhibit a polymorphic behavior and do not
form any stable surface layers. As the diffusion coefﬁcient of iron
for a body-centered cubic lattice is about two orders ofmagnitude
higher than for the face-centered cubic austenite, the diffusion
bonding temperature should be below the phase transition
temperature (Figure 3). After bonding, the temperature must be
increased to initialize lattice transformation, and a new
microstructure of the material is formed twice, during heating
and cooling down below the transition temperature.
As can be seen from Figure 3, smaller atoms have much
higher diffusion coefﬁcients in iron. Due to slow cooling rates
after diffusion bonding, a subsequent heat treatment may be
necessary to obtain the desired microstructures, for example, to
dissolve precipitations at grain boundaries or to perform
solution annealing, hardening, and annealing.Adv. Eng. Mater. 2017, 1700367 © 2017 W1700367 (4 of 10)2.2.2. Sorts of Stainless Steel
When referring to high-grade steel,
mostly austenitic stainless steels are
considered. As obvious from Figure 4,
however, different types of stainless
steels must be distinguished: Depend-
ing on the carbon content and phase
transformation behavior resulting
from the types and contents of addi-
tional alloying elements used, also
martensite may be formed. Other
alloying elements act like nickel or
chromium, which is summarized by
nickel and chromium equivalents
(Figure 4).
Whereas nickel stabilizes austenite,
chromium does for ferrite (Figure 5).
Also other approaches were devel-
oped to estimating and predicting the
amount of appearing phases for stain-less steels, for example, DeLong and WRC diagrams.[25,26]
Stainless steel contains a minimum of 13wt% chromium that
forms a passivation layer with a high content of chromium oxide
at the surface. More about the thickness of 1–5 nm of the
passivation layer and its composition in terms of other alloying
elements can be found in literature.[27,28] In Figure 5 on the right,
it can be seen how the addition of 13wt% chromium affects theILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 4. Schaeffler diagram for different sorts of stainless steels
containing different amounts of martensitic, ferritic, and austenitic
phases depending on the alloying elements used.[24]
www.advancedsciencenews.com www.aem-journal.comphase transition from ferrite to austenite depending on the
carbon content.
For the martensitic steel 1.4021 (X20Cr13), diffusion bonding
below 815 C is possible in the range of the ferritic microstruc-
ture at a high diffusion coefﬁcient (cf. Figure 3).
Since all these phase diagrams reﬂect thermodynamic
equilibrium, it has to be stated that inappropriate heat
treatments may cause sensitization: For slow cooling rates or
long dwell times in the range of 600–900 C, carbides and Laves
phases form precipitations at grain boundaries, thus causing
intergranular corrosion in contact with corrosive liquid media.
Taking into account that the thickness of passivation layers is in
the low nanometer range, these precipitations cannot be covered.2.2.2.1. Martensitic Stainless Steels
To form martensite, a certain carbon content is required. Since
the solubility of carbon for fcc austenite is about one hundred
times higher than for bcc ferrite, carbon is precipitated as iron
carbides, so-called cementite, according the iron-carbon phase
diagram under thermodynamic equilibrium conditions. At fast
cooling rates, diffusion of carbon out of the fcc austenite can be
suppressed, despite the much higher diffusion coefﬁcient for
small atom sizes. As a consequence, the cubic unit cell of bcc
ferrite is distorted to tetragonal, and a structural change occurs
without any diffusion of atoms. High internal stress of
martensite causes a strong increase of hardness and decreases
the strain to rupture. Subsequent annealing is required to adjust
these mechanical properties as desired.
However, additionally alloying elements may considerably
inﬂuence the cooling rate necessary for martensite formation by
lattice distortion due to solid solution hardening effects.[32]
In case of martensitic stainless steel X20Cr13 (1.4021), for
example, the 13% of chromium and 0.2% of carbon make the
phase transition temperature from ferrite to pure austenite rise, as
is obvious from Figure 5 on the right. A hardening temperatureAdv. Eng. Mater. 2017, 1700367 1700367 (5between 950 and 1050 C is recommended.[33] Depending on the
cooling rate, quite different microstructures and mechanical
properties can be obtained. Even at very low cooling rates does the
chromium content facilitate the formation of martensite, as is
evident from the time-temperature transformation diagram. A
hardeningdepthof300mmcanbereachedfor1.4021(Figure6).[34]
Furthermore, the ferrite-austenite phase transition takes place
twice, anewmicrostructure is formed, graingrowth is annihilated,
and formationof amonolithic compoundacross bondingplanes is
supported.
The inﬂuence of the critical cooling rate is of special interest to
diffusion bonding, since the cooling rates in high vacuum are
comparatively low, depending on the size of the parts to be welded
and equipment of furnaces. For 1.4021, however, a cooling rate of
approximately 3.5Kmin1 is sufﬁcient to obtain martensite. The
institute owns three furnaces of different sizes and maximum
loads of 20, 200, and200kN, respectively. The cooling rate between
1100–300 C is 6.1, 2.35, and 1Kmin1, respectively. Hence,
martensite for 1.4021canbeproduced in the smallest furnaceonly.
In terms of corrosion resistance, it has to be mentioned that,
since the afﬁnity of chromium to carbon is higher than it is for
iron, some chromium may be absorbed in (Cr, Fe)23C6 carbides,
as is shown in Figure 10. As a consequence, not all chromium is
available to form a stable chromium oxide passivation layer at the
surface, and corrosion resistance ofmartensitic stainless steels is
lower than that of austenitic stainless steels.2.2.2.2. Ferritic Stainless Steels
For steels having a high chromium content of more than 18%
and low carbon contents, hardening is not possible (Figure 5,
right). For Crofer 22 APU (1.4760, X1CrTiLa22) containing 22%
chromium and no nickel, for example, phase transformation to
fcc austenite is suppressed completely up to the melting range.
Regarding diffusion bonding, it is important to consider not
only the much higher diffusion coefﬁcient in ferrite (Figure 3)
and, hence, increased deformation under a certain bearing
pressure, but also an increase in the solidus temperature of
about 100K compared to austenitic stainless steels.[36] At the
same time, the passivation layer is very stable, thus preventing
grain growth across the bonding planes. Hence, the discrepancy
between a high plasticity at low temperatures and the high
temperatures needed to overcome inhibition of diffusion across
bonding planes by the passivation layers has to be balanced.
Moreover, grain growth during diffusion bonding may be an
issue, since no phase transformation occurs.2.2.2.3. Austenitic Stainless Steels
Corrosion-resistant austenitic stainless steels often contain about
18% chromium and 8 or 10%nickel. Sorts with higher chromium
and nickel contents, for example, for highly heat-resistant alloys
like X10NiCrAlTi32-20 (1.4876), are available as well.
Since titanium has a strong afﬁnity to carbon, it stabilizes
stainless steels by forming own carbides. Examples are
X6CrNiTi18-10 (1.4541) and X6CrNiMoTi17-12-2 (1.4571).
Addition of molybdenum, for example, for 1.4571, improves
the resistance against pitting corrosion.© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
Figure 5. Impact of alloying elements on phase transition of iron: Impact of Ni a) and Cr b).[29,30] The vertical section of the Fe–C diagram at 13wt% Cr is
shown on the c).[31]
Figure 6. Time–temperature transformation diagram for 1.4021.[35]
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Adv. Eng. Mater. 2017, 1700367 1700367 (6Due to the high and ﬂuctuating price of nickel, austenitic
stainless steels were developed, in which nickel was replaced by
manganese. An example is X8CrMnN18-18 (1.3816).
For diffusion bonding of austenitic stainless steels, much
higher temperatures are required, due to the much lower
diffusion coefﬁcient of the bcc lattice (Figure 3). As a
consequence, excessive grain growth takes place. As for ferritic
stabilized stainless steels, no phase transformation occurs, and
large grain sizes must be accepted.
Moreover, deformation is much lower than for ferritic steels
and bearing pressures must be set to higher levels to achieve
appropriate leveling of surface roughness.2.3. Role of Passivation Layers
An important issue for diffusion bonding is thermal stability of
the passivation layers, if present: For construction steel, surface
layers are no obstacle and diffusion bonding is easy, which is also© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
Table 1. Overview of parameters affecting diffusion bonding of different sorts of steel.
Property !
Sort of Steel #
Diffusion
Coefficient
Bonding
Temperature
Bonding
Pressure
Deformation
Behavior
Passivation
Layer
Grain
Growth
1. Mild Steel a) " # # " # N
2. Austenitic Stainless Steel # " " # " "
3. Other High-alloyed Austenitic Alloys (e.g., Heat-resistant SS,
Ni-base Alloys) b)
# M " # M M
4. Ferritic Stainless Steel " # # " " M
5. Martensitic Stainless Steel a) " # # " ", less than 2. N
a)After diffusion bonding in the ferritic range, the temperature should be raised to the uniform austenite area, and precipitated carbides can be dissolved. By forming a new
microstructure twice, grain growth is suppressed.
b)To achieve grain growth across the bonding layers despite the thermally stable passivation layer, excessive grain growth must be accepted.
www.advancedsciencenews.com www.aem-journal.comdue to phase transformation. For high-alloyed steels, however,
passivation layers may have various compositions, properties,
and thicknesses depending on the composition of the alloy.
Some alloying elements used for heat-resistant steels, namely,
silicon and aluminum, form dense layers preventing metal
dusting by further oxidation, carburization, or sulfation of the
base material depending on the operation atmosphere.
Especially steels containing more than 1% of these elements
are difﬁcult to join.
The opposite is true, for example, for titanium alloys, where
the oxide is highly soluble in the matrix. However, it has to be
kept in mind that titanium grades 1 to 4 differ only slightly in
oxygen content. Still, these differences have a huge impact on
mechanical strength. When joining thin sheet materials of
some hundred micrometers in thickness in microsystems
technology, the material afterwards may have a different oxygen
content.
The oxides of the passivation layers of stainless steels,
namely, chromium and nickel oxides, are not soluble in the
matrix material. Due to the varying alloy compositions of
stainless steels and depending on the nature of the passivation
layers, the diffusion bonding temperature must be raised to
different levels to overcome inhibition of diffusion across the
bonding planes.2.4. Summary
In case of steels, some remarkable differences can be noticed,
which require different sets of parameters for diffusion bonding.
The parameters in Table 1 have to be assessed qualitatively in
terms of the relation and interaction of temperature, bearing
pressure, and deformation. Moreover, the nature of the
passivation layer has to be taken into account.Figure 7. Diffusion bonding of X5CrNi18–10 (1.4301). T¼ 1348 K
(1075 C), t¼ 1 h, p¼ 23MPa.3. Experimental and Discussion
Practical examples of diffusion bonding of different sorts of
steels are shown in Figure 7–9. Bonding planes are marked by
arrows. A satisfying result with grain growth across the bonding
plane at reasonable deformation could not be obtained for all
alloys, and further optimization is necessary.Adv. Eng. Mater. 2017, 1700367 1700367 (7A summary of the chemical compositions of the alloys used is
given in Table 2.
Normal austenitic stainless steel of the 18–8 type can be
diffusion-welded relatively easily with reasonable results.
However, temperature and bearing pressure are higher than
known for mild steel due to the reduced diffusion coefﬁcient in
the fcc lattice and stable passivation layers (Figure 7).
For higher alloyed austenitic stainless steels and nickel-base
alloys, even higher temperatures and longer bonding durations
are necessary to overcome themore stable passivation layer and to
obtain grain growth across the bonding plane.Bearing pressure is
reduced to compensate for increased creep rates.
The dynamics of grain growth of steels exhibiting no
polymorphic behavior has not yet been investigated in detail.
However, the impact of temperature can be seen clearly, for
example in Figure 7–9.
Grain growth across the bonding plane, accompanied by a
considerable increase of grain size, was observed in the ferritic
Crofer 22APU (1.4760) at very high temperatures and for long
durations (Figure 8) only. As can be seen from the experiments,
thermal stability of the passivation layer is difﬁcult to overcome
in ferritic steel. This is mainly due to its composition and
microstructure resulting from chromium and manganese
despite of the high coefﬁcient of diffusion in the bcc lattice.[37]© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
Figure 8. Diffusion bonding of ferritic stainless steel X1CrTiLa22 (1.4760). a): T¼ 1223K (950 C), t¼ 1 h,
p¼ 6MPa. b): T¼ 1348K (1075 C), t¼ 1 h, p¼ 3MPa. c): T¼ 1548K (1275 C), t¼ 4 h, p¼ 2MPa.
www.advancedsciencenews.com www.aem-journal.comFigure 9 shows excessive grain growth of the austenitic heat-
resistant stainless steel 1.4876, when the bonding temperature is
raised from 1200 to 1250 C. Obviously, discontinuous grain
growth takes place and separate giant grains are formed. Due to
its higher contents of chromium, nickel, and additional
elements, it forms a dense layer that prevents oxygen from
diffusing inside and from forming a scale layer. As a result of the
volume increase, scale layers tend to ﬂake andmetal dustingmay
occur.
For martensitic stainless steels, very good bonding results are
obtained at low temperatures. Deformation is low. The polymor-
phic behavior that results fromheating parts to the fully austenitic
state after bonding gives rise to a new microstructure. Grain
growth is reduced, while the formation of a monolithic part is
supported.Due to retarded cooling in the furnace, some cementiteFigure 9. Diffusion bonding of X10NiCrAlTi32-20 (1.4876). Left: T¼ 1473 K (1200 C), t¼ 4 h,
p¼ 8MPa. Right: T¼ 1523 K (1250 C), t¼ 4 h, p¼ 5MPa.
Adv. Eng. Mater. 2017, 1700367 © 20171700367 (8 of 10)precipitations are formed at the grain
boundaries, together with martensite
(cf. Figure 6).4. Results and Conclusions
It was shown that diffusion bonding of
steels is determined by numerous mate-
rials science aspects. Depending on the
type of lattice and thermal behavior, very
different parametersmay be appropriate
to form monolithic parts.
Also passivation layers may require
the bonding temperatures to be set to
much higher levels than required
elsewhere.
Deformation depends not only on the
material used and on the parameters of
temperature, bearing pressure, and
dwell time, but also on the aspect ratio
and design ofmicrostructured parts. For
example, deformation may double or
even triple for large, but veryﬂat samples
with higher aspect ratios.[38]
In addition, the percentage bonding
cross section has an impact: At ambient
temperature, deformation is controlledby shear stress-induced movement of dislocations through the
lattice. At high temperatures, however, deformation is controlled
mainly by diffusion as a function of the density of vacancies, and
a strong inﬂuence of grain size is found.
Whereas Coble creep takes place by diffusion of atoms along
grain boundaries, which changes the shape of grains depending
on external stress, Nabarro-Herring creep is highly dependent on
temperature and is caused by diffusion of atoms (or vacancies)
through the volume of grains. As can be seen for a nickel-base
alloy containing 20 at% chromium and having a grain size of
100 μm, the temperature and bearing pressure applied for
diffusion bonding are in the range, where deformation may
change between both mechanisms.[39]
Hence, the deformation behavior is very sensitive and
correlations of temperature, bearing pressure, and mechanicalmicrostructure are strongly nonlinear.
Hence, multiple tests for diffusion
bonding are needed1)WILto ensure adequate grain growth for
forming monolithic parts,2) to limit grain growth of materials
showing no polymorphic transition
for technical reasons,3) to limit deformation of parts to a
reasonable amount,4) to overcome thermally stable passiv-
ation layers, and5) to determine the inﬂuence of inter-
nal microstructures on the deforma-
tion behavior.EY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 10. Diffusion bonding of X20Cr13 (1.4021). T¼ 1223 K (950 C), t¼ 1 h, p¼ 17MPa, followed by
www.advancedsciencenews.com www.aem-journal.comDiffusion bonding without deformation is not possible:
It should be kept in mind that mating surfaces must be
leveled for the formation of a monolithic part. Here,
roughness parameters are important and can be speciﬁed
for semi-ﬁnished products.[40] Additionally, the evenness of a
certain sheet thickness resulting from manufacturing
processes like cold rolling is inﬂuenced by the absolute
thickness, yield strength, and width of the material due to
bending of the roll stand. Deviations across the width must
be considered.[41,42]
Obviously, it is impossible to give a certain deformation value
that is necessary during diffusion bonding to achieve vacuum-
tight sealing. Especially for multi-layered parts, the numbers of
bonding layers must be considered, too.
an austenitization step.Table 2. Compositions and melting ranges of alloys used for diffusion bonding experiments.[43]
1.4021 1.4301 1.4760
X20Cr13 X5CrNi18-10 X1CrTiLa22 X
martensitic austenitic ferritic
TS [K] 1703–1773 1693–1743 1783–1803
Element
C 0.16–0.25 < 0.07 < 0.03
Cr 12–14 17.5–19.5 20–24
Ni 8–10.5
Mn 1.5 < 2.0 0.3–0.8
Ti 0.03–0.2
Mo
Si 1.0 < 1.0 < 0.5
Cu < 0.5
Co
V
W
Al < 0.5
Fe bal. bal. bal.
La 0.04–0.2
P 0.040 < 0.045 < 0.05
S < 0.015 < 0.015 < 0.02
N < 0.1
Adv. Eng. Mater. 2017, 1700367 © 2017 W1700367 (9 of 10)Diffusion bonding always is a de-
manding skill, especially when bond-
ing prototypes of different materials.
For series production, parameters can
be optimized. To decrease costs, how-
ever, bonding of multiple parts is
desired. Depending on the size of the
parts, it is important whether multiple
parts are placed at one level or whether
several partsmust be placed atmultiple
levels, or both.
If so, parallelism of the dies may be
distorted. This parallelism also
depends on1) the bonding temperature,
2) the level of bonding force, since the dies may deform at high
temperature,
3) the distance between the dies, which inﬂuences thermal
expansion of the equipment,
4) additional TZM plates to separate multiple levels, which
possess a certain tolerance of ﬂatness and prevent parts from
sticking together.
As a consequence, a certain deviation of deformation for
small, multiple welded parts must be accepted. For large parts, a
certain given tolerance for ﬂatness is essential. Both may be
important, if internal structures have nozzle-shaped details for
mixing, or to adjust a deﬁned pressure loss.1.4876 2.4602
10NiCrAlTi32-21 NiCr21Mo14W
austenitic austenitic
1623–1673 1628–1673
0.12 < 0.01
19–23 20–22.5
30–34 50
< 2.0 < 0.5
0.15–0.6
12.5–14.5
< 1.0 < 0.08
< 2.5
< 0.35
2.5–3.5
0.15–0.6
bal.
< 0.03 < 0.025
< 0.015 < 0.015
ILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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